molecular mass that was recognized by a monoclonal the NH 2 -terminal region (residues 1-51), the central region (residues 52-102), or the COOH-terminal region antibody directed against rat synaphin 1. This protein was coimmunoprecipitated with syntaxin from deter-(residues 103-152) were incubated with syntaxin-containing detergent extracts of squid synaptosomes. While gent extracts of squid optic lobe synaptosomes, suggesting an interaction between these two proteins in the central region of s-synaphin bound to syntaxin, no binding was detected to the NH 2 -or COOH-terminal vivo ( Figure 1A ). This 21 kDa protein was abundant in the cytosol of optic lobe and was slightly larger in size than rat synaphins, which have an apparent molecular mass of 19 kDa (Ishizuka et al., 1995; McMahon et al., 1995; Takahashi et al., 1995) .
Partial sequences of proteolytic peptide fragments derived from affinity-purified squid protein were used to generate a PCR fragment for screening a squid optic lobe cDNA library. More than 30 positive cDNA clones were sequenced and all encoded the same protein, suggesting that there is a single form of synaphin in squid ( Figure 1B) . The amino acid sequence of squid synaphin is 47% identical to rat synaphins and 57% identical to the Drosophila homolog (Pabst et al., 2000) . Sequence identity is particularly high in the central portion (residues 42-78), with identity values of 70%-73% to the rat, and 81% to the Drosophila, proteins.
To study the binding properties of squid synaphin, we incubated recombinant synaphin with increasing concentrations of the cytoplasmic domain of rat syntaxin, in the presence or absence of synaptobrevin 2 and/or SNAP-25. Though syntaxin alone bound only weakly to synaphin ( Figure 2D ). This indicates that ␣-SNAP and synaphin compete for overlapping binding domains on syntaxin.
To study the functional importance of the synaphinsyntaxin interaction, we searched for a reagent that inhibits synaphin binding to syntaxin. The H3 domain of syntaxin, which is the binding site for synaphin (Pabst et al., 2000) , was not appropriate for this purpose because many other proteins also bind within this region (Kee et al., 1995; O'Connor et al., 1997). Likewise, the central fragment of synaphin, which contains the syntaxin binding site, could not be used because it also prevents the interaction of ␣-SNAP with syntaxin. We, therefore, examined the actions of shorter peptides from the syntaxin binding domain of s-synaphin-specifically within the region of high evolutionary conservation (residues 42-78)-on the interactions of synaphin, syntaxin, and ␣-SNAP. Of these Syntaxin Binding Domain peptides ( Figure 1B) , only SBD-2 inhibited the binding of squid syntaxin to s-synaphin ( Figure 3A ). This inhibition was concentration dependent and half maximal at 0.6 mM ( Figure 3B ). Very similar results were obtained using r-SBD-2, from the same region of rat synaphin 1 (data not shown). Blockade of synaphin binding to syntaxin was sequence specific because neither scrambled SBD-2 peptides nor s-SBD-1, from an adjacent region To quantify this oligomerization activity of synaphin, we measured the disappearance of the 60 kDa SNARE band as a function of synaphin concentration ( Figure  4B ). Half-maximal oligomerization of SNARE complexes occurred with 15 M synaphin; this is an upper estimate of the concentration required because the SBD-2 peptide used to purify SNARE complexes will compete with the synaphin. SNARE oligomerization was observed only when synaphin was freshly prepared; the activity of this protein apparently is sensitive to being frozen and thawed. Because SBD-2 prevents synaphin from binding to syntaxin (Figures 3A and 3B), this peptide should prevent synaphin-induced oligomerization of SNARE complexes. Indeed, the ability of synaphin to promote oligomerization of the SNARE complex was blocked by the SBD-2 peptide in a concentration-dependent manner ( Figure 4C ). Thus, binding to syntaxin is required for synaphin to oligomerize SNARE complexes.
We next determined whether oligomerization could be reconstituted with recombinant SNAREs. For this purpose, we incubated the cytoplasmic regions of SNARE proteins (0.3 M each) with variable concentrations of r-synaphin 1. Similar to native SNAREs, the recombinant SNARE proteins also formed higher order oligomers in the presence of synaphin ( Figure 4D ). The effect was concentration dependent and half maximal at approximately 4 M r-synaphin 1. However, in contrast to the decrease in 60 kDa ternary complexes observed with native SNAREs, synaphin increased the amount of ternary complexes formed by recombinant SNARE proteins. This difference apparently reflects the presence of monomeric SNAREs in the recombinant protein preparation. Collectively, these results show that synaphin-induced oligomerization does not require additional proteins or the membrane anchors of the SNARE proteins. Glycerol density gradient centrifugation confirmed that the higher molecular mass bands observed after synaphin treatment sedimented as expected for higher order SNARE complexes. Complexes generated by synaphin migrated faster than non-oligomerized ternary complexes ( Figure 4E ), corroborating that these oligomeric SNARE complexes are larger than the ternary , 1998) . We therefore examined ited by 79.9 Ϯ 4.8% (n ϭ 17). Because of the parallel whether SNAP-25 is important for the synaphin-induced actions of these peptides on neurotransmitter release oligomerization of SNARE complexes. First, we asked and on the interaction of synaphin with syntaxin, we whether synaphin could cause oligomerization when the conclude that the SBD-2 peptide acts by preventing this two coiled-coil domains of SNAP-25 were separated. interaction in vivo. Thus, it appears that multimerization For this purpose, we used separated NH 2 -terminal (resiof SNARE complexes by synaphin is required for transdues 1-95) and COOH-terminal (residues 125-206) fragmitter release. ments, instead of full-length SNAP-25, for the generation Given the importance of calcium in triggering synaptic of SNARE complexes in the presence of r-synaphin 1.
vesicle fusion, the action of the SBD-2 peptides could Confirming earlier observations of Poirier et al. (1998) , be due to changes in presynaptic calcium signaling. ternary SNARE complexes were still formed by these SNAP-25 fragments ( Figure 5A, right panel, lane 1) . HowImaging with a fluorescent calcium indicator dye
Figure 6. Inhibition of Evoked Transmitter Release by s-SBD-2 (A) Electrophysiological measurements of synaptic transmission before (left), during injection of s-SBD-2 (center), and 120 min (right) after stopping peptide injection. Note complete loss of postsynaptic potential. (B) Relationship between estimated concentration of SBD-2 peptide within the presynaptic terminal and degree of inhibition of synaptic transmission, measured as the rate of rise of postsynaptic potentials (PSPs). (C-E) Time-dependent changes in the rate of rise (dV/dt) of PSPs produced by s-SBD-2 (C), scrambled s-SBD-2 (D), and s-SBD-1 (E).
showed that microinjection of r-SBD-2 caused no signifilease was completely inhibited and the terminal was then fixed for electron microscopy. The general organicant change in calcium signals evoked by trains of presynaptic action potentials ( Figure 7A ). On average, calzation of these presynaptic terminals was unaltered by SBD-2 injection ( Figure 7D ). The spatial distribution of cium transients were 89 Ϯ 5% of their peak control amplitudes following injection of r-SBD-2 and their time synaptic vesicles within the active zone also was little affected by SBD-2 injection ( Figure 7E ), other than a courses also were not detectably affected by peptide injection ( Figure 7B ). This indicates that the interaction 32% increase (p Ͻ .005) in the number of docked vesicles, namely those vesicles whose centers were within of synaphin with syntaxin does not affect presynaptic calcium influx or removal. 50 nm of the presynaptic plasma membrane ( Figure 7F , first bar). This is consistent with a block of exocytosis A complete cycle of exocytosis and endocytosis of a synaptic vesicle requires at least 40-60 s (Betz and at a prefusion step that follows vesicle docking. We therefore conclude that SNARE oligomerization induced Bewick, 1992; Ryan et al., 1993). To determine when SBD-2 peptides work in this cycle, we delivered by synaphin is required, within the last few seconds before vesicle fusion, in a reaction that follows synaptic s-SBD-2 in a single, brief injection while rapidly stimulating the synapse (1 Hz) to measure the speed at which vesicle docking and is independent of Ca channel gating. synaptic transmission was blocked ( Figure 7C Figures 4C and 5B) . In concluformation-sensitive manner, having a much higher affinsion, synaphin seems to promote the formation of oligoity for syntaxin within the 60 kDa ternary complex than mers by both stimulating SNARE assembly and stabilizfor free syntaxin. Thus, even though the SBD-2 peptide ing an open conformation of SNAP-25. displays a low affinity for binding to syntaxin ( Figure 3B) Our data indicate that binding of synaphin to syntaxin and, consequently, inhibiting SNARE complex oligomerplays an essential role in the synaptic vesicle fusion ization ( Figure 4C ) and blocking neurotransmitter recascade. We presume that this is because synaphin lease ( Figures 6A-6C) , the peptide apparently acts with promotes SNARE complex oligomerization, though syhigh specificity. We suspect that its low affinity results naphin may be important also because of its ability to from the fact that the peptide is not structurally ordered, form SNARE precomplexes ( Figure 8A 
